lead to insect resistance to pesticides [16] . Thus searching for alternative methods to 1 3 3 control this aphid is of great significance. 1 3 4
Understanding the mechanism of BABA-induced plant resistance to insects will shed 1 3 5 light on new methods of pest control. In this study we examined the effects of BABA and 1 3 6 its isomers α -aminobutyric acid (AABA) and γ -aminobutyric acid (GABA) application to 1 3 7 wheat on performance of the S. avenae. The durability of BABA-induced resistance was 1 3 8 also investigated. Host preference and feeding behavior of S. avenae were studied to 1 3 9 localized possible resistance factors. We found that BABA accumulated to high 1 4 0 concentration in BABA-treated wheat phloem sap, so we use aphid artificial diet to test the 1 4 1 direct toxicity of BABA to S. avenae. 1 4 2 1 4 3 Ryomgaard, Denmark) and perlite. Seedlings were grown singly in pot unless otherwise 1 5 0 indicated. Plants were cultivated in a walk-in growth chamber at 24 ± 1ºC, 60 ± 5% relative 1 5 1 humidity and a 14:10 hour light/dark regime. The plants were watered as necessary. The 1 5 2 grain aphid, S. avenae, originally collected from a winter wheat field in Yangling, China, 1 5 3 was reared on wheat seedlings (var. XiNong 979) in the same growth chamber. 1 5 4 1 5 5
Materials and Methods
S. avenae Performance on Wheat Seedlings 1 5 6 Seven-day-old wheat seedlings were treated as indicated and then 2-3 apterous 1 5 7 S.avenae adults were introduced to the first leaf of each seedling. The seedlings were 1 5 8 caged by transparent plastic cages (8 cm in diameter and 30 cm in height) secured with 1 5 9 nylon mesh at the top. One day later, the adults were removed, leaving 5-6 nymphs on the 1 6 0 first leaf. After another 7 days, aphids on the first leaves were collected and weighed on a 1 6 1 microbalance (resolution 0.001 mg; Sartorius MSA 3.6P-000-DM, Gottingen, Germany Extraction and Analysis of Amino Acids
We used EDTA-facilitated exudation method to collect phloem sap of wheat seedling 2 1 2 leaves for free amino acids analysis. Wheat seedlings were soil drenched as described 3 2 1 3 days before sample collection. The first leaf of each seedling was cut 1 cm above the 2 1 4 leaf/stem junction and immediately put in 1.5 mL EP tube containing 600 µL EDTA solution 2 1 5 (pH = 7.1). Two leaves were put in a tube and regarded as one replicate. Then these cut 2 1 6 leaves were put in a completely dark growth chamber at 25ºC 100% humidity for 3 hours. 2 1 7
The samples were stored at -70ºC until analysis. AABA, or GABA. We use AABA and GABA in artificial diet to exclude the possibility that 2 6 5 the imbalance of artificial diet have negative impacts on aphid growth. Thirty-five µL of 2 6 6 artificial diet was confined between two layers of stretched Parafilm ® M on plastic cylinder 2 6 7
(1 cm in height and 1cm in diameter) and the artificial diet was replaced every two days. 2 6 8 Five one-day-old nymphs produced by apterous S. avenae were transferred to one tube 2 6 9 containing one kind of artificial diets and regarded as one replicate. The weight of 2 7 0 individual nymph was weighed on the MSA 3.6P-000-DM microbalance after feeding on 2 7 1 artificial diet for 4 days. We also tested aphid performance on artificial diet containing 50 2 7 2 mM and 100 mM BABA with similar manner, but the one day old nymphs used were 2 7 3 produced by S. avenae collected from wheat seedlings (var. XiNong 979) in greenhouse. Compared with control treatment, BABA applied as a soil drench significantly reduced 2 7 9 weights of S. avenae on wheat seedlings and the effects increased with BABA 2 8 0 concentration (Fig. 1A) . In contrast, soil drench with GABA ( Fig. 1A) and AABA (Fig. 1B) , 2 8 1 spray with BABA (Fig. 1C ), or seed treatment with BABA ( Fig. 1D) S. avenae Preference 2 8 5 BABA-treated wheat plants were not attractive or repellent to S. avenae ( Fig. 2A) . S. 2 8 6 avenae preferred artificial diets than MilliQ water, but showed no preference between 2 8 7 standard artificial diet and artificial diet containing 50 mM BABA (Fig. 2B ). 2 8 8 2 8 9
Free Amino Acids Composition of Phloem Sap
The relative concentration of aminobutyric acid in phloem sap of BABA-treated wheat 2 9 1 plants was higher than that in control plants (Fig. 3) . Our method can not discriminate 2 9 2 BABA from its isomers, the excess amount of aminobutyric acid in BABA-treated plants 2 9 3 was assumed to be BABA. Because wheat plants could produce GABA not BABA, we 2 9 4 consider the aminobutyric acid in control plants was GABA. Soil drenched with AABA did 2 9 5 not influence aminobutyric acids concentration in wheat phloem, while GABA only slightly 2 9 6 increased aminobutyric acids levels. 2 9 7 Except BABA, the relative concentration of serine in BABA-treated wheat phloem sap 2 9 8 was also significantly less than that in control plants (Student's t-test, t = 2.78, df = 10, P = 2 9 9 0.02; Fig. S2 ), while other amino acids levels between treatments were similar (Fig. S2 ). 3 0 0 3 0 1
Free Amino Acids Composition of S. avenae 3 0 2
The relative concentration of aminobutyric acid in S. avenae feeding on BABA-treated 3 0 3 plants was significantly higher than those feeding on control plants (Student's t-test, t = 3 0 4 8.84, df = 6, P < 0.001; Fig. 4 ). The high levels aminobutyric acid in S. avenae should be 3 0 5 BABA from phloem sap of BABA-treated plants. The relative levels of alanine (P = 0.052) 3 0 6 and threonine (P = 0.073) in aphids feeding on BABA-treated plants were slightly lower 3 0 7 than those feeding on control plants (Fig. 4) . The other amino acids composition pattern 3 0 8 was similar. 3 0 9 3 1 0
Durability of BABA Treatment
3 1 1 After 7 days of BABA treatment, wheat seedlings still could reduce S. avenae growth 3 1 2 (Student's t-test, t = 3.10, df = 56, P < 0.01; Fig. 5A ), which is positively correlated with 3 1 3 aminobutyric acid levels in plant phloem sap (Fig. 5B) . The relative aminobutyric acid 3 1 4 concentration in BABA-treated plants was higher than that in control plants 3 days and 10 3 1 5 days after treatment, but not significant after 17 days (Fig. 5B ). 3 1 6 3 1 7
Feeding Activities of S. avenae
The feeding behavior of S. avenae on BABA-treated and control plants was similar 3 1 9 revealed by EPG technique (Table 1 ). The number of probes, total duration of probing, 3 2 0 and total duration of phloem feeding (E2) were not significantly different, suggesting that 3 2 1 BABA treatment did not induce physical barriers or chemical deterrents in wheat seedlings 3 2 2 against S. avenae (Table 1) POD Activities 3 2 5 There were no difference of POD activities between control and BABA-treated plants 3 2 6 ( Fig. S3A) . Also BABA treatment did not increase POD activities of aphid infested wheat 3 2 7 seedlings compared with aphid infested control plants (Fig. S3B ). 3 2 8 3 2 9
Direct Toxicity of BABA on S. avenae 3 3 0 S. avenae feeding for 4 days on artificial diets containing BABA or GABA had lower 3 3 1 weight than those feeding on standard artificial diet; whereas those feeding on artificial 3 3 2 diet containing AABA had no influence on aphid weight (one-way ANOVA, F = 11.92, df = 3 3 3 3, 35, P < 0.001; Fig. 6A ). S. avenae feeding on artificial diet containing BABA had only 55% 3 3 4 weight of those feeding on standard artificial diet (Fig. 6A ). S. avenae feeding for 3 days 3 3 5 on standard artificial diet had higher weight than those feeding on artificial diets containing 3 3 6 50 mM or 100 mM BABA (one-way ANOVA, F = 11.33, df = 2, 49, P < 0.001; Fig. 6B ). The 3 3 7 mortality of S. avenae feeding on all artificial diets was similar (data not shown [4, 9] . The already published papers suggest that 3 4 5 BABA application could suppress performance of some aphids, caterpillars, and psyllid 3 4 6 [10] [11] [12] . Our results demonstrated that BABA applied as a root drench could significantly 3 4 7 reduce weight of S. avenae and the effects was dose dependent. We found high 3 4 8 concentration of BABA in treated plant phloem sap, and the BABA level was still higher 3 4 9 than that in control phloem sap after 10 days, suggesting that wheat could absorb BABA 3 5 0 by roots and metabolize or decompose BABA slowly. The BABA-mediated suppression of 3 5 1 aphid growth could last at least for 7 days, which is correlated with BABA contents in 3 5 2 phloem sap. However, we did not find any influence of BABA application on S. avenae 3 5 3 host preference or feeding behavior, indicating that BABA did not induce any repellents in 3 5 4 wheat seedlings. It was assumed that resistance to insects induced by BABA is not based 3 5 5 on its direct toxicity [10, 12] . In contrast, we found that S. avenae feeding on artificial diet 3 5 6 containing BABA had reduced weight, suggesting that BABA has direct toxic effects on S. Callose is also involved in plant phloem sealing mechanisms, which could confer plant 3 7 7 resistance to aphids [25, 26] . Aphids inject watery saliva to prevent plugging and sealing of 3 7 8 sieve plates [26] . This ejection of saliva could be detected by the EPG as E1 salivation. 3 7 9 However, total or mean duration of E1 on control and BABA-treated plants was not 3 8 0 significantly different. And aphids had similar total as well as mean duration of phloem sap 3 8 1 ingestion. Therefore, BABA-mediated wheat resistance to S. avenae is not possibly based 3 8 2 on callose induced phloem occlusion. JA is the most important cellular signal in plant 3 8 3 immunity to most insect herbivores [27] . Application of JA and its derivatives methyl 3 8 4 jasmonate could increase plant secondary metabolites and resistance to a broad 3 8 5 spectrum of insects [27, 28] . Our previous work showed that both methyl jasmonate and 3 8 6 SA treatment deterred S. avenae preference and feeding activities, but had no effects on 3 8 7 aphid performance [19] . These rule out the possible involvement of JA and SA signaling 3 8 8 transduction pathways in the BABA-mediated wheat resistance to S. avenae. 3 8 9
It has been believed that BABA-mediated plant resistance to pathogens and insects is 3 9 0 not based on its direct toxicity [10, 12, 23] . Recently, however, Šašek et al. (2012) found 3 9 1 BABA had direct antifungal activity against Leptosphaeria maculans and the effect was 3 9 2 comparable with the fungicide tebuconazole [29] . Our study showed that both BABA and 3 9 3 GABA had direct toxicity to S. avenae, when added to artificial diet. GABA is the major 3 9 4 inhibitory neurotransmitter in the vertebrates and invertebrates nervous system [30, 31] . 3 9 5 Synthetic diet containing GABA reduced growth and survival of oblique-banded leaf roller 3 9 6
